A better understanding of the inhibitory and and linolenic acids on pneumococci at a concenstimulating effects of fatty acids on the growth of tration of 40 15 ppm oleic acid on Most of the earlier observations concerning pneumococci, streptococci and staphylococci. the inhibitory properties of fatty acids on micro-2. Lactobacili. More recently the antibacterial bial growth stem from studies on soaps, in rela-effect of fatty acids on LactobaciUus species has tively high concentrations, as antiseptics and been investigated. This is of particular interest disinfectants. However, this review is limited to because with several homofermentative lactic antibacterial activities in vitro of very low con-acid producers growth promoting properties of centrations of fatty acids. As a rule only the fatty acids were also observed. effects of concentrations within the range of According to Strong and Carpenter (78) solubility of the higher fatty acids (5-50 ppm) LactobaciUus helveticus (L. casei e) showed growth will be mentioned. For these concentrations it inhibition by both linoleic and palmitic acid. is irrelevant whether the fatty acids are present This was confirmed by Bauernfeind et al. (6) for in the free form or as alkali soaps. All concentra-linoleic acid (16 ppm) . Also the fatty acid mixtions have been converted to ppm.
ture from butterfat proved to be inhibitory for 1. Gram positive cocci. Gram positive cocci growth of this organism, as shown by Boutwell provided the first data on the antibacterial action et al. (8) . of minute amounts of fatty acids. Lama (53) Other fatty acids inhibitory for L. helveticus mentioned the inhibitory effect of oleic, linoleic are oleic and linolenic acids in a concentration of acids have been noted with gram positive bac-nism of the inhibition by saturated and by unteria, organisms that are also most susceptible -saturated fatty acids. to the bactericidal action of dyes, chemotheraIt appears that unsaturation is not essential peutics, and antibiotics. This is substantiated for inhibition of fungi and mycobacteria by fatty by the results of studies with certain gram nega-acids. Wyss et al. (92) mention fungistatic active organism. According to Kodicek and Wor-tivity for several saturated fatty acids, an activity den (49) E. coli and Proteus vulgaris were not that extends to odd chains (70) . The inhibition inhibited by linoleic acid; this was confirmed for of the tubercle bacillus, being an inhibition of the coli bacterium by Humfeld (44) . McKee the respiration, has been induced by saturated et al. (59) found that several gram negative fatty acids (32, 59, 83) . With these, the length bacteria were not influenced by fatty acids.
of the carbon chain was more important than Nevertheless, the earlier mentioned studies unsaturation; fatty acids of medium chain length, showing inhibition by fatty acids of N. gonor-Cr-C14 having optimal inhibitory activity. In rhoeae and H. pertussis prove that it is not an this connection it is interesting that lactobacilli absolute rule that only gram positive organisms also, although generally not sensitive to saturated are susceptible. Also, the results of various in-fatty acids, sometimes can be inhibited by them; vestigations with E. coli have not been uniform. once again compounds with a chain length of According to Dervichian and Mousset (18) the around C12 are the most active (40) .
antibacterial action of a saturated fatty acid Yet with the greater part of bacteria that have like lauric acid on gram negative bacteria is of a been studied, unsaturation has proved an imdifferent kind as that on gram positive organisms. portant factor in determining the antibacterial Furthermore, the result is influenced by the activity of fatty acids, this activity being inacidity of the medium and, with an acidic solu-creased with progressive unsaturation (53, 54, tion, by the concentration of the fatty acid, 92). This even holds for M. tuberculosis accordespecially when the fatty acid solution is just ing to Franke and his co-workers (32). In sumsaturated.
mary, the antibacterial action of the fatty acids Another interesting difference was noticed in and its dependence on molecular structure differ studies with different species of mycobacteria for saturated and unsaturated fatty acids. Al-(32): the respiration of Mycobacterium rubrum though in general, the antibacterial activity proved less susceptible to the inhibitory action increases with unsaturation, saturated fatty acids of oleic acid than that of M. phlei. As the latter can act also as growth inhibitors, the antibacorganism is more strongly acid fast, Franke et al. terial properties being optimal for substances (32) consider it possible that the more acid fast with a chain length of about 12 carbon atoms. bacteria might be more sensitive to fatty acids.
A peculiar influence of the stereochemical 2. Influence of fatty acid structure. In general, structure of fatty acids was observed in studies inhibitory properties of fatty acids appear the with L. helveticus (49), M. tuberculosis (32), and more pronounced the longer and more unsatu-B. subtili (54): the (natural) cis-forms of unrated is the compound. Several investigators are saturated fatty acids exhibited a greater antiof the opinion that most organisms are resistant bacterial activity than the corresponding transto saturated fatty acids in small concentrations. isomers. Although this is supported by the studies with 3. Antagonists for the antibacterial activity. In Haemophilus pertussis (68) and Clostridium many cases it has been demonstrated that the botulinum (29), it is not, however, an absolute antibacterial activity of fatty acids can be overrule, and some cases of inhibition by saturated come by certain substances. We shall discuss here fatty acids have already been mentioned.
only examples in which the microorganism is Foster and Wynne (29) demonstrated with protected from an inhibition by fatty acids by C. botulinum that palmitic acid does inhibit adding an antagonist, and where this combinasomewhat spore germination, and sporulation, tion of fatty acid plus antagonist is, therefore, too, could be inhibited by saturated fatty acids without any effect at all. (38) . The former inhibition did not increase with Already Lamar (53) in 1911 and Walker (82) the concentration of the saturated fatty acid, in 1926 used serum to neutralize the growth inhowever, as it does when induced by unsaturated hibiting action of unsaturated fatty acids; later fatty acids. This may point to a different mecha-it became evident that this property of serum was due to the presence of albumin. Dubos (20) culture of L. helveticus, used as the inoculum for used serum albuiin to counteract the inhibition 10 ml of medium, and contianing about 2 X 108 by oleic acid of M. tuberculosis and Micrococcus cells, represents a total surface area of the bac-"C". Also, the beneficial effect of blood agar for teria of about 3.3 x 1010,s2. Addition to 10 ml of cultivation of H. pertussis can be explained on medium of 160 ,ug linoleic acid, which as a monothe basis of albumin present in the medium (68) . molecular layer would cover an area of about Starch used to protect H. pertussis from the 1.75 X 1O11M,2, would therefore suffice to form growth inhibition by fatty acids (68) also proved about 5 monolayers around the cells.
useful for eliminating the inhibition of both spore An interpretation of antibacterial activity of germination and spore formation (29, 38) .
fatty acids based on such considerations could Hutner (46) overcame the inhibition of Ery-also account for the difference between saturated sipelothrix rhusiopathiiae by fatty acid with bile and unsaturated fatty acids since the former are salts. According to later investigators (49) the adsorbed as parallel straight chains while the growth inhibition of L. helveticus by linoleic latter, representing molecules with bends at the acid could be reversed by cholesterol and various double bonds, would be arranged differently.
other compounds, e.g., lecithin, calciferol, lumis-This applies especially to the cis-isomers, as terol, a-tocopherol. For 18 and C. welchii was due to oleic acid; the pure known: stearic acid enhanced the growth of L. acid was active in a concentration of one ppm helveticus (6, 49, 78) , and Haemophilus pertussis also in the presence of biotin.
was stimulated by higher concentrations of saturated fatty acids (68) . Yet one may say that IV. THE MECHANISM OF THE GROWTH PROMOTING the action of saturated fatty acids is most often EFFECT OF THE FATTY ACIDS depressive and seldom stimulatory. A correlation The growth promotion of microorganisms by between possible growth promoting activity of fatty acids is dependent on the nature of both saturated fatty acids and the chain length is the organism and the fatty acid and, in several unknown. It became evident, however, that instances, on the presence of antagonists against saturated fatty acids sometimes enhance the the antibacterial properties of fatty acids. The growth stimulating action of unsaturated ones. substitution of fatty acids for biotin is a separate Such synergistic properties of saturated fatty aspect of growth stimulation. The total effect acids were demonstrated by Axelrod et al. (2), of fatty acids upon microorganisms is charac-Hassinen et al. (39) , and Broquist and Snell (11) . terized by dualism, and the purpose of each
The importance of the unsaturation of the theory should be to account for all aspects of fatty acid with respect to growth promoting their activity. ability is demonstrated by the fact that with 1. Influence of bacterial species. From the fore-more double bonds in the molecule the stimulatgoing it can be seen that growth promoting prop-ing effect becomes less. For Lactobacillus arabinoerties of fatty acids were demonstrated with sus (2), Corynebacterium "Q" (68) , and ClosLactobacteriaceae, Corynebacteriaceae, and Ba-tridium sporogenes (79) growth factor effects, several cases are known in 2. Influence of fatty acid structure. For the which such activity can be observed only if the greater part growth promoting activity is an medium contains also a detoxicating agent. Here outstanding property of unsaturated fatty acids, the resulting effect of the combination detoxiespecially of acids of longer chain length (around cant plus fatty acid (the fatty acid having poCis). Saturated fatty acids were found to be tential growth promoting activity) differs from inactive with a number of organisms, e.g., for that of the earlier mentioned combination deErysipelothrix rhusiopathiae, Lactobacillus but-toxican plus (growth inhibiting) acid; in the garimus, L. arabinosus, L. bifidus, Corynebacterium former instance the result being a growth stimu-"Q" and Neurospora crassa (2, 39 (90) also used saponin as detoxicating agent for fatty postulated the opposite. Aware of the fact that acids stimulatory to the lactobacilli.
in their experiments with lactobacilli, oleic acid Of more recent date is the application of sur-was superfluous when biotin was present, they face-active derivatives of fatty acids as detoxi-supposed that biotin promotes in some way the cants. Especially Tweens,8 the polyoxyethylene formation of unsaturated fatty acids essential derivatives of fatty acid monoesters of sorbitan, to the bacteria. Thus, since in the absence of with which the numbers 80, 60, 40, 20 indicate biotin no unsaturated fatty acids would be synthe esters of oleic, stearic, palmitic and lauric thesized, they must be added to the medium. acid, respectively, proved to be very useful. This second interpretation seems the more plausTweens prepared from saturated fatty acids were ible because biotin can be replaced adequately without growth promoting activity but could be only by quantities of fatty acid tens of thousands applied for the detoxication of fatty acids with times greater than the quantity of biotin restimulating potency (11, 47, 55, 90) . Tween 80 quired in the medium. This would be in accorditself is stimulatory because it is a derivative of ance with a function of biotin as biocatalyst for oleic acid; the detoxication of this fatty acid is the synthesis of much larger quantities of some achieved by its incorporation in the water-essential compound. Trager Palmitoleic acid used with L. bifidus; oleic acid oleic acid resulted in the formation of minute with others. amounts of biotin, probably of intracellular origin. This effect was observed with lactobacilli ones, are able both to inhibit and to stimulate (1, 11) as well as withClostridiumsporogenes (79) . growth of microorganisms was called "double
Thus, it appears that the relation between action" by Williams and Fieger (87). This fatty acids and biotin in the nutrition of micro-"dualism" can be manifested in three different organisms is still far from being clearly de-ways. An initial inhibitory effect might change fined. For that matter a metabolic relationship into a stimulatory one depending on: (a) the cannot be expected to be of a simple nature as presence of a detoxicant; (b) the concentration the action of fatty acids upon microorganisms of the fatty acid in the medium; and (c) the appears to be related also to other nutrients. duration of the incubation. The (20) explained the decisive influence of seen that the biotin replacement by fatty acids serum albumin on the effect of oleic acid by asled to the assumption that these compounds suming that the album might act as a sort of mightexert a metabolic effect. The various dualis-buffer, thus ensuring the continued supply of tic aspects of the action of fatty acids can, how-very small amounts of fatty acid. It is necessary, ever, be explained more easily in a physico-then, that the albumin-fatty acid complex is chemical way. Indeed, if we postulate that the dissociable, which is very well possible. However, fatty acid is adsorbed at the cell membrane, one the formation of such a nontoxic fatty acid "pool" might expect that the consequent influence on with other antagonists has never been demoncell permeability can be twofold. Assimilation of strated. nutrients might thereby be promoted or inAnother interpretation is furnished by the hibited, resulting in stimulation or depression of "barrier-theory" of Kodicek (50), who assumes the bacterial growth.
that the action of fatty acid on microorganisms Williams and Fieger (87) therefore advanced also depends upon the nature of the cell wall to the hypothesis that also the function of biotin which it is adsorbed. Natural constituents of the consists in regulating cell permeability. The surface layer may act here as detoxicants. Above molecular configuration of biotin suggested that a certain concentration of fatty acid, however, it might exhibit surface active properties which these detoxifying substances become neutralized, were verified subsequently (88). Axelrod and and it then becomes necessary to add antagonists associates (2), however, have pointed out that to themedim.In this theory there is, of course, various analogues, structurally related to biotin, room for ascribing differences in the effects of do not display biotin-like activity although on the fatty acid on various organisms to specific difbasis of the foregoing hypothesis they could be ferences in the composition of their cell walls, expected to do so. Furthermore We shall now discuss some aspects of the ef-(75). Deuel and his associates (19) have demonfects of microorganisms that may elucidate the strated that the growth of rats is suboptimal noncaloric significance of fatty acids in higher when fed on a fat-free diet supplemented with organisms. In addition, some practical aspects the known fat-soluble vitamins and essential will be mentioned; e.g., the significance of fatty fatty acids. Barki et al. (5) have observed opacids in culture media, and their influence in timal growth of rats supplied with fats in defimicrobiological assay methods.
nite proportion to the rest of the food, the opti-1. Nutritional role of dietary fat by affecting the mum percentage of fat being different for different microbiological activity in the intestinal tract of fats. Since the diets were composed on an isohigher organisms. It is well known that the nutri-caloric basis, this suggests that the fatty acid tion of higher organisms is influenced by microbial composition is the important factor. From such activity in the alimentary tract, and in turn the observations one is led to the tentative conclusion intestinal flora depends upon the composition that the various fatty acids exert a specific inof the diet. As the dietary fats will be subject to fluence through their effects on the intestinal a primary hydrolysis, it is reasonable to assume microorganisms. that the influence of these dietary constituents
In agreement with this suggestion is the obon the animal will be exerted, at least in a large servation that the growth of chicks and pigs is part, by the fatty acid components. In this way promoted by concentrates of the "animal protein both the type and quantity of the fat in the diet factor", obtained as a by-product of the micromay be important with respect to the noncaloric biological production of antibiotics, and that the nutritional value of the food. content of vitamin B12 and traces of the antiAlthough pertinent results are still lacking, biotic do not fully account for the growth stimumost investigations indicate that the intestinal lation. Recent experiments have indicated that function of fatty acids is, in general, a useful one. lecithin, also present in those concentrates, might Whipple and Church (84) mention that on a play a role too. This could be explained by asdiet deficient in vitamin B1 the microbial synthesis suming that the fatty acids in the lecithin of thiamin in the intestinal tract of the rat is molecule influence the microflora in the intestinal promoted by increasing the fat content of the tract. Indeed, Bernhart and co-workers (7) (16) are of the opinion that in various experi-effect on such organisms. Further investigations mental animals the biotin requirement is lowered of the action of fatty acids on microorganisms by a dietary fat supply. Bacigalupo et al. (3) inhabiting the alimentary tract of men and other think it probable that food rich in fat stimulates animals might elucidate the noncaloric imthe intestinal synthesis of riboflavin, biotin and portance of dietary fats. pteroylglutamic acid. Greenberg (34) demon-2. Dietary fat as determinant of resistance to instrated that suboptimal growth of rats on a diet fectious diseases. The antibacterial properties of supplemented with thyroid extract could be im-fatty acids suggest that these compounds may proved by the incorporation of much fat in the influence the fate of pathogenic bacteria in higher on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from organisms. The direct application of fatty acids in to diseased animals. It is to be expected, however, therapy has centered around their use in tuber-that therapeutic parenteral application will meet culosis and other infections by mycobacteria. with difficulties, not only because this might Much has been written about the tuberculostatic induce hemolysis, but also because it might cause of cod liver oil, a property that is supposed to be withdrawal of calcium from the organism. inherent in some of the fatty acid constituents. Kodicek (50) has demonstrated the toxicity of Indeed, Hanel and Piller (36) demonstrated a parenterally administered linoleic acid in mice, favorable effect of highly unsaturated fatty acid and Laser (54) observed hemolytic action of fractions from cod liver oil upon pulmonary tuber-cis-vaccenic acid. Moreover, the potential anticulosis in vivo. Hirsch (41) delayed the onset of bacterial activity of fatty acids in vivo might tuberculosis in experimental animals by ad-be neutralized by adsorption on proteins in the ministering synthetic diets rich in unsaturated blood stream (59). fatty acids. It should be mentioned, however, that Also other natural defense systems of the oraccording to recent investigations (26) the tuber-ganism, such as the self-disinfection of the skin, culosis properties of cod liver oil may be asso-are due, at least partly, to the presence of anticiated with the unsaponifiable fraction. Never-bacterial fatty acids in situ. Interesting is the theless, the fraction that was active in vitro ex-observation of Rothman et al. (70) that the hibited properties reminiscent of fatty acids; spontaneous cure in puberty of ringworm of the it absorbed light selectively at 230 mu, where scalp is a consequence of increasing fungistatic also the liver oil itself displays an absorption action of sebaceous secretion of the scalp. This maximum ascribed to conjugated dienoic fatty fatty substance, which is inhibitory for Microacids, and its activity was neutralized by serum sporon audouini and other pathogenic fungi, albumin. Moreover, Weitzel (83) reports that contains important quantities of C7, 9, 11 satuthe unsaponifiable part of cod liver oil does not rated fatty acids. Also in combating dermatoses exert special tuberculostatic activities in vitro.
oral administration of fatty acids has proved The application of fats by native populations effective. For example, Perlman (66) observed a in tropical areas against Mycobacterium infections, favorable influence on psoriasis by incorporating especially leprosy and tuberculosis, might be undecylenic acid in the diet; Weitzel (83) obconnected with the content of saturated fatty tained similar results with mixed triglycerides of acids of medium chain length in these fats. C8. 10. 12 saturated fatty acids. Weitzel (83) mentions the use of palmkernel oil Kodicek (50) has summarized the evidence in South Nigeria and of turtle oils by Mexican that fatty acids might be concerned with imIndians. In the former case, however, palm oil munological reactions of the body. In this conis confused with palmkernel oil, but the latter, nection it is interesting to point out the possible indeed, is an example of animal fats rich in role of fatty acids in the cancer process. Ebeling Ci0. 1. i4 acids which are strongly bacteriostatic and Waterman (25) succeeded in isolating from for M. tuberculosis and other mycobacteria in tumors and urine of cancer patients a particular vitro.
unsaturated fatty acid with antigenic properties. There are also indications that fatty acids Other facts that might be indicative for the immight play a role in other infectious diseases. portance of fatty acids in cancer are: (a) accordAccording to Boyd et al. (9) linoleic and linolenic ing to D'Alessandro and Petrucci (17) blood acids suppress the common cold, and the level glycolysis is increased by 80 ppm fatty acid, and of lipids in the blood shows an increase with the it is well known that in cancer patients the blood onset of fever (65) . The fat-soluble plasma factor glycolysis does show an increase; (b) further, a with biotin-like activity described by Trager recently developed therapeuticum against cancer (80) increases the resistance against fowl malar isolated from urine (64) is characterized by conin the chick. Hansen Important in bacteriological practice is the bacteriological media. The stimulatory or in-frequent occurrence of greasy films on the inside hibitory effects of minute amounts of fatty acids of culture tubes. It has been demonstrated that on the growth of microorganisms have obvious those films originate from the cotton plug whence implications for the design of culture media. they are distilled during the dry sterilization at Blood, for example, which has been considered 170 C or higher. Pollock (68) observed an inhian indispensable ingredient for the cultivation of bition of Haemophilm pertnsis by this fatty several fastidious bacteria, may exert its favorable material while earlier pneumococci and tubercle influence by serving as a source of fatty acids that bacilli had been shown to be sensitive to these stimulate growth, or, alternatively, as a detoxify-minute amounts of fat. The reverse, however, ing agent for the neutralization of inhibitory fatty was found with Corynebacterium "Q" which was acids. The first-named function apparently ap-stimulated by fatty material from the cotton; plies to Corynebacterium diphtheriae where the one plug appeared to contain an amount of lipid growth promoting effect of blood serum, dis-with a growth promoting activity equivalent to covered by Cohen and his associates (14) , can 0.5 to 1 mg oleic acid (68 (76) and Entamoeba formers a delay in spore fermination was obhistolytica (35) by serum. The detoxifying action served (29) due to unsaturated fatty acids, of blood, on the other hand, has found applica-whereas with aerobic spore formers saturated tion in the use of blood agar for the cultivation fatty acids inhibited the sporulation (38 (74) proposed the addi-now know that saturated fatty acids can act as tion of enough fatty acid to the basal medium synergists and that the final effect of a mixture for optimal stimulation of the lactobacilli, where-of fatty acids is wholly unpredictable. upon extra fatty acid from the test material would A special application of the antibacterial efbe without further effect. However, as long as fect of fatty acids is the microbiological assay of the nature and amount of fatty acids contributed vitamin D proposed by Kodicek (51) , in which by the material to be assayed are unknown, this growth of L. casei is inhibited with a known practice may lead to difficulties in interpretation quantity of linoleic acid and the effect neutralized because the combined influence of various fatty with vitamin D2 or Da. Since the neutralization acids on microbial growth is likely to be very is proportional to the quantity of the vitamin complex. The uncertainty resulting from the added, it was possible to construct standard presence of an unknown amount of undefined curves for the range 0.5 to 5 ppm vitamin D. [voL. 18 This method, too, is suitable only for pure sub-lecithin, saponin, or charcoal to the medium. stances as natural materials often contain other Probably the mode of action is ascribable to adantagonistic compounds.
sorption of the fatty acids. Also fatty acids with The difference in antibacterial activity between growth promoting activity may be so adsorbed; stereoisomers of unsaturated fatty acids, the since these substances can be inhibitory when natural cis-forms being the more active, can be present in sufficiently high concentration, their used, according to Franke et al. (32), to dis-positive effect can sometimes be observed only tinguish such isomers by studying the action when antagonists are simultaneously present, or on the respiration of mycobacteria. Also the when the fatty acid has been incorporated into a results of Cheng and associates (13) who in-larger, water-soluble molecule. vestigated differences in growth promoting ac-
The influence of fatty acids on microbial growth tivity of various positional isomers of unsaturated is sometimes of dualistic nature; a growth profatty acids for lactobacilli might permit a micro-moting effect can be changed into growth stimubiological determination of 
